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Abstract: We present the crystal structure determination of an anti-HIV-1 gp120 single-chain
variable fragment antibody variant, 3B3, at 2.5 Å resolution. This 3B3 variant was derived from the

b12 antibody, using phage display and site-directed mutagenesis of the variable heavy chain (VH)

complementary-determining regions (CDRs). 3B3 exhibits enhanced binding affinity and
neutralization activity against several cross-clade primary isolates of HIV-1 by interaction with the

recessed CD4-binding site on the gp120 envelope protein. Comparison with the structures of the

unbound and bound forms of b12, the 3B3 structure closely resembles these structures with
minimal differences with two notable exceptions. First, there is a reorientation of the CDR-H3 of

the VH domain where the primary sequences evolved from b12 to 3B3. The structural changes in

CDR-H3 of 3B3, in light of the b12-gp120 complex structure, allow for positioning an additional Trp
side chain in the binding interface with gp120. Finally, the second region of structural change

involves two peptide bond flips in CDR-L3 of the variable light (VL) domain triggered by a point

mutation in CDR-H3 of Q100eY resulting in changes in the intramolecular hydrogen bonding
patterning between the VL and VH domains. Thus, the enhanced binding affinities and neutralization

capabilities of 3B3 relative to b12 probably result from higher hydrophobic driving potential by

burying more aromatic residues at the 3B3-gp120 interface and by indirect stabilization of
intramolecular contacts of the core framework residues between the VL and VH domains possibly

through more favorable entropic effect through the expulsion of water.
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Introduction

Human immunodeficiency virus type-1 (HIV-1) quickly

emerged as a global pandemic since its initial identifi-

cation in the early 1980s and now infects more than

33 million people worldwide (World Health Organiza-

tion HIV/AIDS website, http://www.who.int/hiv/en/).

Approximately, 2 million people die annually from

HIV-related causes (WHO, http://www.who.int/hiv/

en/). Development of highly active antiretroviral treat-

ment (HAART) has been successful in lowering HIV

viral loads to undetectable levels and extending peo-

ples’ lives by more than 10 years providing patients

strictly adhere to the prescribed daily dosing regimen.

However, because of noncompliance, cost, availability,

and the possibility of continual low-level viral replica-

tion, many patients (particularly in developing regions)

relapse as HAART-resistant HIV escape mutants arise.

Therefore, a preventative vaccine remains the best

option to effectively limit the spread of HIV-1.
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Unfortunately, in light of the disappointing STEP

trial data,1 the possibility remains that active immuni-

zation as typically prescribed for other viruses might

not be effective against HIV-1. Accordingly, there has

been a refocusing of efforts to better understand HIV

pathogenesis, correlates of protection, mechanism(s)

of neutralization from a more basic research point of

view in hopes of developing novel treatment strategies.

We have championed an alternative vaccination

approach using gene transfer of potent, preselected

neutralizing antibody (NAb) genes that bypasses the

need for active immunization.2,3 The ultimate goal is

to endow the host with protective circulating humoral

immunity via adeno-associated virus (AAV)-mediated

gene transfer before pathogen exposure.

A handful of broadly NAbs have been isolated

directly from HIV patients using combinatorial phage

display libraries of the patients RNA (reviewed in Ref.

4). These monoclonal antibodies target defined epi-

topes on the envelope glycoprotein (gp120 or gp41) on

the surface of the HIV-1 virion. One such antibody,

b12, targets the recessed CD4-binding site on gp120.5

The binding epitope of b12 partially overlaps with the

CD4-binding site thus blocking the initial viral gp120-

host CD4 interaction and inhibiting viral fusion with

the host cell membrane and infection.6–10 b12 demon-

strates broad, cross-clade neutralization of many diver-

gent primary isolates.11 Further binding optimization

of b12 using complementary-determining region

(CDR) walking and phage display mutagenesis resulted

in an antigen-binding fragment (Fab) 3B3 that dis-

played enhanced binding affinity and neutralization of

laboratory adapted and primary strains of HIV-1.12

Figure 1(A) illustrates the substitutions in the CDRs of

the variable heavy chain (VH). In CDR-H1, residues

V33 and I34 of b12 were selected for T33 and V34 in

3B3. In CDR-H3, residues P96, Y97, and S99 of b12

were selected for residues E96, W97, and G99 in 3B3.

The sequence changes in 3B3 resulted in approxi-

mately eightfold higher binding affinities to various

monomeric gp120s and �3- to 54-fold enhancement

in neutralization capacity depending on the HIV-1 sub-

type.12 Further site-directed mutagenesis studies of the

3B3 CDR heavy and light chains generated a double

mutation N31H/Q100eY variant of 3B3.13 N31H/

Q100eY-3B3 displays a �23-fold lower IC50 than 3B3

in cell neutralization assays and approximately two-to

threefold higher binding affinities (Kd) than 3B3 to

different monomeric gp120s.13

Crystal structures have been determined for the

unbound and bound states of b12. The structure of the

unbound state of b12 was determined as a full IgG1j
antibody.14 One bound state structure of b12 was

solved as a Fab to a dimeric peptide mimotope.15 For

the other bound state of b12, the complex structure

was determined using the Fab of b12 bound to a disul-

fide bond-stabilized gp120 core molecule.10 The gp120

core molecule was engineered to adopt the conforma-

tion after it interacts with CD4 during the initial bind-

ing event by HIV. The unbound and bound structures

of b12 superimpose with negligible differences between

them indicating that no large conformational changes

occur when b12 interacts with gp120 (there was a 2 Å

change in one of the unbound Fab structures in com-

parison to the b12-gp120 structure). A surprising fea-

ture of the b12-gp120 complex structure revealed the

paratope of b12 involved only residues of VH CDRs

interacting with gp120. No residues of b12 VL CDRs

make direct contact with the gp120 surface. This prob-

ably results from the evolution of the extra long 18-

residue CDR-H3 that snakes it way to interact with the

recessed CD4-binding site of gp120.10 It should be

noted that b12 was derived from phage display meth-

ods using RNA from cells of a long-term survivor HIV

patient and that heavy chain only recognition of b12 to

HIV gp120 may not occur in vivo. However, counter-

arguments have been presented on the validity of

heavy chain only recognition of b12 (or similar anti-

body) to HIV in vivo.16,17 One thing is certain with

regards to HIV neutralization, antibodies that are

raised to battle HIV infection have unique molecular

recognition properties.

To date, we have successfully demonstrated that

several broadly neutralizing human and nonhuman

Figure 1. (A) Schematic diagram of the single-chain

variable fragment (scFv) of 3B3. The variable heavy (VH)

and light (VL) chains are connected together by a flexible

glycine-serine linker. Primary sequence alignments are

shown for the complementary-determining regions (CDR) of

the VH regions 1 (H1) and 3 (H3). Specific point mutations

of the parent molecules of b12, 3B3 (Fab), and the 3B3

scFv variant are colored red. The boxed regions indicate

the evolved sequence changes from b12 to 3B3 in the CDR

walking phage display mutagenesis experiments.12 (B)

SDS-PAGE gel displaying the expression and purification of

the 3B3 scFv. Lane 1 shows protein standards with

molecular weights listed to the left in kDa. The subsequent

lanes were of the periplasmic fraction from E. coli

expression (Lane 2), the eluent during the loading of a

protein L affinity column (Lane 3), a wash step from the

protein L column (Lane 4), and finally the elution fraction of

3B3 from the protein L column (Lane 5). (C) Hexagonal- and

trigonal-shaped protein crystals of 3B3 scFv.
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primate NAbs (b12, X5, and 3B3) can be produced in

vivo from skeletal muscle of mice and rhesus maca-

ques and secreted into the systemic circulation after

rAAV gene transfer.2,3,18 Once secreted, the animal’s

serum possesses anti-HIV-1 neutralizing activity.

Moreover, stable serum levels have been observed for

over a year in both mice and rhesus macaques. One

potential challenge to this approach is whether thera-

peutic levels of NAbs are indeed achievable. To

address this issue, we have optimized several variables

for efficient antibody gene delivery and expression

including: rAAV serotype, antibody genetic fusions for

increased half-life, and inclusion of cis sequences for

maximal expression.2,18 This has resulted in increased

antibody levels by greater than 100-fold over our ini-

tial efforts. Recent proof-of-concept data from our

group demonstrated significant protection in rhesus

macaques against a virulent SIVmac314 challenge

using monkey neutralizing scFvs and a stabilized rhe-

sus CD4-IgG immunoadhesin that incorporated the

improvements mentioned earlier.3

To gain a stronger structural understanding of the

enhanced binding affinities and neutralization capabil-

ities of 3B3, we have determined the crystal structure

of a single-chain variable fragment (scFv) N31H/

Q100eY-3B3 variant to 2.5 Å resolution in the

unbound state. Overall, the crystal structure of 3B3

superimposes well with the majority of the secondary

structural elements of the unbound and bound states

of b12 with two significant exceptions. There is mini-

mal structural perturbation observed in the CDR-H1 in

the vicinity of the N31H mutation of 3B3 in compari-

son to the b12 structures. The largest structural change

involves a �5-Å reorientation of the tip of the long

CDR-H3 arm of 3B3 in comparison to the b12 struc-

tures. The final significant structural change of 3B3 in

comparison with the b12 structures localizes to the

packing environment around the Q100eY mutation in

the CDR-H3. The Q100eY mutation of 3B3 triggers a

secondary structure change of CDR-L3 of the VL do-

main from a type I0 turn seen in the b12 structures to

a turn with type II0 character. The consequences of

these structural changes in 3B3 result in more intra-

molecular hydrogen bonds among residues and fewer

water-mediated hydrogen bonds at the VH-VL interface

in comparison to the b12 structures. Thus, the

enhanced neutralization capabilities and binding affin-

ities of N31H/Q100eY-3B3 scFv probably result from a

higher hydrophobic driving force of the selected aro-

matic residues (N31H in CDR-H1 and Y98W and

Q100eY in CDR-H3) at the binding interface with

gp120 and a stabilization of framework residues

among CDR-H3, -H2 b-sheets, and -L3 at the VH-VL

interface.

Results

3B3 scFv preparation
A bacterial expression system was constructed to

express the 3B3 scFv into the periplasmic space of

E. coli. The expression vector consists of an alkaline

phosphatase promoter followed by a modified custom

signal sequence for localization into the periplasm

through the Sec transport machinery. The signal

sequence consists of MKKNIAVVVVVVVVVVIAT

NAMA and engineered from the signal secretion deter-

minants deciphered by the Silhavy and coworkers.19

Expressed 3B3 was isolated from the periplasmic space

of E. coli cells and purified to homogeneity using pro-

tein L affinity chromatography [Fig. 1(B)]. Typical 3B3

protein yields were 1.4 mg L�1 of culture.

Crystallization and structure determination
The 3B3 scFv crystallized as either hexagonal- or trigo-

nal-shaped plates from PEG-8000 under slightly acidic

conditions [Fig. 1(C) and Material and Methods]. A

3B3 protein crystal diffracted greater than 2.5 Å reso-

lution and indexed to the monoclinic space group C2.

Cell content analysis indicated six 3B3 copies within

the asymmetric unit with a Matthew’s coefficient (VM)

of 3.1 and solvent content of 60%. The 3B3 structure

was solved using molecular replacement by searching

for six copies of the VH and VL domains from the b12-

gp120 complex structure (2ny7.pdb10) using the pro-

gram Phaser.20 The 3B3 structure was refined to a

Rcryst and Rfree value of 0.195 and 0.260, respectively.

The average crystallographic B-factors were 21.5, 20.7,

Table I. Crystallographic Parameters for the 3B3 scFv
Structure

Data collection
Beam line GM/CA 23ID-D
Wavelength 1.0332
Space group and
unit cell (Å, �)

C2
a ¼ 199.2, b ¼ 115.1,
c ¼ 92.4, b ¼ 111.8

Resolution (Å) 30–2.5 (2.6–2.5)a

No. of reflections
Observed 61,604
Unique 22,816
Completeness (%) 92.3 (65.8)
Multiplicity 2.7 (1.5)
Mosaicity 0.53
Mean I/rI 7.8 (1.7)
Rmerge 0.12 (0.41)

Refinement
Resolution (Å) 30–2.5
Rcryst 0.195
Rfree 0.260
rmsd bonds (Å) 0.009
rmsd angles (�) 1.192
Protein atoms 11,301
Water atoms 275
Average B-factors (Å2)
Protein atoms (11,292) 24.6
Water atoms (275) 20.9

Ramachandran plot (%)
(favored, allowed,
outlier, disallowed)

95.5, 4.4, 0.1, 0.0

a Values in parentheses are for the highest resolution shell.
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21.3, 29.0, 26.1, and 30.0 Å2 for chains A–F, respec-

tively. Crystallographic and structural parameters are

listed in Table I.

3B3 scFv structural description
Within the crystallographic asymmetric unit, six inde-

pendent 3B3 chains were built into the electron den-

sity map with varying degrees of completeness (Fig.

2). Noncrystallographic symmetry (NCS) was not used

as restraints during structure refinement. The N-termi-

nal six-residue histidine tag was not observable in the

electron density for any of the chains and the chains

began with Q7 besides chain C, which was modeled as

an Ala. Electron density allowed building of the

Gly4Ser linker connecting VH to VL domains for chain

B up to G137. The other 3B3 chains end at S133

besides chain A, which was only modeled to S132. For

the VL domains, the chains began again at either S148

(chain C) or E149 (chains A, B, and D–F) and termi-

nated at either R255 (chains A and D–F) or K256

(chains B, C). Figure 2(B) highlights regions of

increased mobility as indicated by higher temperature

B-factors. Higher B-factors cluster to termini residues

and the loop regions including the CDRs of the VH

and VL domains.

The individual chains of 3B3 display an overall

similarity at the backbone level. Table II lists the pair-

wise root mean square deviations (rmsds) for back-

bone superimpositions (233 Ca atoms) for all the

chains. Besides rotamer differences between the indi-

vidual chains of 3B3, the structures superimpose with

each other with an average rmsd of 0.28 Å for the Ca
atoms indicating no large conformational changes

among the six individual 3B3 chains in the asymmetric

unit. Figure 3(A) illustrates the backbone superimposi-

tions of each of the chains onto chain A. Chain A was

used for the superimpositions because the electron

density allowed for the most complete model tracing

involving the CDR loops and will be used for further

Figure 2. (A) Stereo ribbon diagram displaying the packing interactions among the six molecules of the 3B3 scFv within the

asymmetric unit cell. Each 3B3 chain is labeled and colored differently. (B) Stereo view as in (A) of the six molecules of the

3B3 scFv colored as a gradient from blue-white-red indicating increasing values of the temperature B-factors.

Table II. Root Mean Square Deviations for Backbone
Superimpositions for Each 3B3 Chaina

Chain A B C D E F

A –
B 0.184 –
C 0.209 0.213 –
D 0.282 0.277 0.286 –
E 0.299 0.299 0.320 0.281 –
F 0.323 0.335 0.316 0.278 0.341 –

a The backbone Cas were used for the superimpositions and
reported in Å.
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structural comparisons discussed later. A cartoon rib-

bon representation for chain A of the 3B3 is illustrated

in Figure 3(B) with the CDRs colored individually. A

characteristic feature of 3B3 and its parent molecule,

b12, involves a long 18-residue CDR-H3, which

extends �15 Å from the base of the CDR surface [Fig.

3(C)]. At the tip of CDR H3, a critical tryptophan resi-

due (W100) plays an essential role in the binding

interaction with gp120 (discussed later).9 Only the

electron density around chain A allowed building for

the complete side chain of W100 (Fig. 4), whereas the

other chains were modeled as an Ala for W100. For

CDR-H3 of chain E, there is a maximum 1.5 Å dis-

placement between the alpha carbons of A111 of chains

A and E. However, no peptide bond flips were

observed in this region of the CDR-H3 of chain E in

relation to the other chains.

3B3 structural comparison to the b12 structures
Figure 5 illustrates the backbone superimpositions of

the VH-VL domains using secondary structural ele-

ments of 3B3, unbound b12, and bound b12-B2.1 pep-

tide structures onto the b12-gp120 complex structure.

Chain A of 3B3 superimposes with a backbone rmsd

of 0.59 Å (232 Ca positions). The other chains of 3B3

in the asymmetric unit display similar backbone rmsd

values. Both VH-VL domains of the unbound b12 IgG1

structure superimpose onto the b12-gp120 bound

structure with rmsds of 0.34 Å (232 Cas). In addition,

both VH-VL domains of the bound b12-B2.1 peptide

mimotope structure (2 b12 Fabs in the asymmetric

unit) superimpose onto the b12-gp120 bound structure

with an average rmsd of 0.40 Å (232 Cas). Independ-

ently, all the chains of 3B3 superimpose onto either

VH-VL domains of the unbound b12 IgG1 structure

with backbone rmsds of �0.58 Å similar to the 3B3-

b12 bound superimposition. Thus, at least at the sec-

ondary structure and domain levels, 3B3 displays no

large conformations changes between the free and

bound states of b12. Furthermore, there are no large

conformational changes between the unbound and

bound states of b12.

The in vitro evolution of b12 to 3B3 that occurred

using phage display mutagenesis involved residues in

CDR-H1 and -H3. In Figure 5(A), CDR-H1 is displayed

for three structures (b12 unbound (chains K and M)

and bound to gp120 and 3B3). The overall CDR-H1

backbone geometries remain relatively constant among

Figure 3. (A) 3B3 backbone Ca superimpositions of each chain onto chain A. The secondary structural elements were used

for the backbone superimpositions. Each chain is colored identically as in Figure 2(A). The zoomed inset depicts the CDR-H1

and the tip of the long finger CDR-H3. Side chains of the residues of the CDRs are shown as sticks. (B) Structural cartoon of

chain A of 3B3 with each of the six CDR regions colored separately of the VH and VL domains. The VH and VL CDRs are

labeled H1, H2, H3, L1, L2, and L3, respectively. The VH and VL domains each contain a single disulfide bond depicted as

brown and yellow sticks and labeled. (C) Molecular surface representation of chain A of 3B3 and colored as in B. The

distance from W100 side chain to base of the 3B3 is �15 Å.
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the three structures displayed in Figure 5(A) as well as

the other b12 unbound Fab (chains H and L) and b12-

B2.1 bound structures, with structural changes occur-

ring at the side-chain levels. The CDR-H1 region in

the b12-gp120 complex structure buries �269 Å2 sur-

face area (recalculated using Pisa). An unique feature

in the b12-gp120 complex structure involves interac-

tions of R28 of b12, which is not part of the canonical

CDR-H1, with gp120. In the b12-gp120 complex struc-

ture, the guanidinium side chain of R28 was modeled

as two rotameric states with both states forming multi-

ple intermolecular hydrogen bonds with main-chain

and side-chain groups of gp120. The side chain of R28

of the b12 free structure is rotated back toward CDR-

H1 region away from the gp120 binding surface,

whereas the side chain of R28 in the 3B3 structure is

positioned in between the two conformations seen in

the b12-gp120 complex structure. In the current state,

the side chain of R28 of 3B3 would clash with gp120

residues. The side chain of R28 of both 3B3 and

unbound b12 would only have to undergo side-chain

rotamer flipping to adopt the conformations observed

in the b12 bound structure requiring minimal ener-

getic cost.

Moving to N31, in the b12-gp120 complex struc-

ture the side-chain carbonyl group of N31 forms an

intramolecular hydrogen bond with the side-chain

hydroxyl group of S30 (2.9 Å), and the side-chain

amino group of N31 forms an intermolecular hydrogen

bond with backbone carbonyl of S365 O of gp120 (3.0

Å). In addition, N31 buries �80 Å2 of surface area at

the b12-gp120 interface (second largest burial only to

R28, which buries the largest amount of surface area

with 129 Å2). The intramolecular hydrogen bond

between N31 and S30 of CDR-H1 seen in the b12-

gp120 complex structure is not conserved in the

unbound b12, bound b12-B2.1, or 3B3 structures. In

the unbound b12 structure, the side chain of N31 is

rotated away and potentially only in hydrogen bonding

distance when bound to gp120. In the 3B3 structure,

this position is mutated from an Asn to a His and the

aromatic side chain of H31 overlays reasonable well

with the side chain of N31 from the bound b12-gp120

structure. However, the Nd1 of H31 of 3B3 is too far

away to form an intramolecular hydrogen bond with

S30 Oc (3.7 Å). All three structures come pack into

side-chain register at F32, which packs over the N-ter-

minal portion of the CD4 binding loop (b1-a3) of

gp120.

In comparing CDR-H2, 3B3 and the unbound b12

structures superimpose with negligible rmsds at both

the backbone and side-chain levels with the bound

b12-gp120 and b12-B2.1 structures. 3B3 and b12 have

identical primary sequences for CDR-H2. The bound

b12-gp120 structure buries �314 Å2 of surface area

with residues CDR-H2 of N52 and Y53 forming two

intermolecular hydrogen bonds with gp120 residues of

the CD4-binding loop and b20/21. There are no signif-

icant conformational changes observed for CDR-H2

going from the unbound to bound states of b12 and

most likely for the 3B3 bound state, because its CDR-

H2 adopts a similar conformation as seen with b12-

gp120 complex structure.

Figure 5(B) highlights the tip of the CDR-H3 dis-

playing the three structure superimpositions of b12

unbound (chains K and M), b12 bound to gp120, and

3B3. The extra long 18-residue CDR-H3 of b12 makes

extensive contacts with gp120 burying 348 Å2 of sur-

face area docking onto the CD4-binding site of gp120.

The indole side chain of W100 of b12 wedges itself

between cavity formed by R419, N386, and the

N-linked glycan of N386 of gp120. W100 O forms a

hydrogen bond with R419 Ng1 of gp120 (2.6 Å). The

N-acetylglucosamine (NAG 886) O6 atom attached to

N386 of gp120 forms a hydrogen bond to the main-

chain nitrogen of W100 of b12 (3.3 Å) in a rare glyco-

sylation-mediated antigen–antibody interaction. The

Y98 Og of b12 forms a potential long hydrogen bond

to R419 Ng1 of gp120 (3.6 Å). Chains H and L of one

of the Fab arms of the unbound b12 structure display

a maximum 2.0 Å backbone displacement for the tip

of the CDR-H3 in comparison with the b12-gp120

structure (Fig. 5, gray structure). On the other hand,

chains K and M of the other Fab arm of the unbound

b12 structure in comparison to the b12-gp120 complex

structure display negligible backbone atom displace-

ments with differences arising with the side-chain

rotamers (e.g., W100 in the b12 structures). The N-ter-

minal end of the CDR-H3 of 3B3 adopts a wholly dif-

ferent main-chain conformation in comparison to the

b12 structures (including the b12-B2.1 bound struc-

ture). The structural changes seen in 3B3 appear pre-

cisely where the amino acid changes occurred during

the in vitro phage display experiments with b12. The

sequence changes from Pro-Tyr-Ser in b12 to Glu-Trp-

Figure 4. Simulated annealed rA-weighted omit electron

density map (light blue) contoured at 1.0r for the modeled

CDR H3 tip for chain A.
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Gly in 3B3 [Fig. 1(A)]. The main chain of CDR-H3 of

3B3 deviates from the b12 structures starting at E97/

P97 (3B3/b12 residue) and superimposes well again

starting at residue D100b (3B3 and b12 residue).

There are distance changes from �2.0–6.0 Å among

the corresponding W100 Ca atoms of 3B3 and the five

b12 structures (Fig. 5).

At the C-terminal end of the CDR-H3 of 3B3, a

single point mutation was introduced by changing

Q100e to a Tyr (this mutation in context of a scFv

architecture showed enhanced binding affinity to

gp120 and neutralization capability to primary HIV-1

isolates).13,21 The side-chain residues between Y100e

in 3B3 and Q100e in b12 display negligible rmsds out

to the Cc atoms. Surprisingly, the Q100eY mutation of

3B3 alters the loop conformation of CDR-L3 that

packs against CDR-H3 at the VH-VL interface in com-

parison to the five b12 structures (Fig. 5). As noted

previously, the residues of the VL CDRs do not make

direct contact in the b12-gp120 complex structure.

Figure 6 displays the 3B3 and b12 complex structures

centered on 100e (CDR-H3) and CDR-L3. Replace-

ment of Q100e with a Tyr removes an intramolecular

hydrogen bond of 2.8 Å between Q100e Oe1 (CDR-H3)

and A93 N (CDR-L3), which links these two CDRs in

the b12 structures. The loss of this hydrogen bond in

3B3 triggers two peptide bond flips at G92 and A93

altering the CDR-L3 turn geometry relative to the b12

structures. The dihedral angles of G92-A93-S94 alter

from e-aL-aL conformations in the b12 structures to

b-a-a conformations in 3B3 (Table III). There is a

maximum displacement of 5.6 Å between the carbonyl

groups of A93 of 3B3 and the b12 structures. The

CDR-L3 conformations observed in either 3B3 or b12

structures do not adopt any canonical Vj loop

conformations.22,23

The Q100eY mutation in 3B3 from b12 alters the

local hydrogen bonding network around the CDR-L3

region (Table III). For residues Y91–Y96 of CDR-L3,

six intramolecular hydrogen bonds were observed in

3B3, whereas in b12 there were only four hydrogen

bonds. In the b12-gp120 complex structure, there were

an additional six water-mediated interactions in this

region. In the 3B3 structure, three (chains A and B) to

four (chain B) water-mediated interactions were

observed between the nitrogen backbone and/or serine

side chain of A93, S94, and S95. No water-mediated

interactions were observed for chains C, D, and F of

3B3. In both 3B3 and b12 structures, Y91 Og forms a

hydrogen bond to VL G50 N (2.8 Å in 3B3 and 3.0 Å

in b12), Y91 N forms a hydrogen bond to VL R32 O

(3.0 Å in 3B3 and 3.3 Å in b12), and Y91 O hydrogen

bonds to VL R32 Ne in 3B3 (3.1 Å) and to Wat170 in

b12 (3.2 Å). In comparison to the b12 structures, there

is a loss of the b-turn hydrogen bond between G92 O

and S95 N in 3B3, but G92 O forms a new short

hydrogen bond with the Y96 Og side chain (2.6 Å).

The carbonyl group of 3B3 A93 forms a bidentate

Figure 5. Structural comparison among the 3B3 scFv to

the unbound state of b12 IgG1 (1hzh.pdb14), bound state of

the b12 Fab to a B2.1 peptide mimotope (1n0x.pdb15), and

the bound state of b12 Fab to the HIV-1 gp120 coat protein

(2ny7.pdb10). The structures are colored purple, yellow,

pink, white, gray, orange, and green for gp120, b12-B2.1

(chains K/M), b12-B2.1 (chains H/L), b12 unbound (chains

K/M), b12 unbound (chains H/L), 3B3 (chain A), and b12-

gp120, respectively. The 3B3 and b12 (unbound and B2.1

bound) structures were superimposed onto the bound b12-

gp120 structure using the Ca atoms of the secondary

structural elements of the VH and VL domains. (A)

Expanded region of the CDR-H1 interactions with gp120.

Hydrogen bonds between b12 and gp120 are shown as

black dashes. The b12 residues are labeled and the gp120

residues are italicized and underlined. (B) Expanded region

of the tip of CDR-H3 interactions with gp120. The

expanded structural views have been rotated and only the

b12 unbound (chains K/M), 3B3, and b12-gp120 bound

structures are displayed for visual clarity.

Clark and Walsh PROTEIN SCIENCE VOL 18:2429—2441 2435



hydrogen bond with Y96 Og (3.1 Å, VL) and W56 Ne1
(3.1 Å, VH). A93 O of b12 formed a hydrogen bond

with Q100e Oe1 (2.8 Å). In the b12 structures, a water

molecule (Wat17) coordinates four interactions

between side and main atoms among CDRs H3, L3,

and VH b-sheet residues. The altered CDR-L3 confir-

mation displayed by 3B3 replaces the interactions seen

with Wat17 in b12 with specific main-chain and side-

chain hydrogen bonds discussed in detail later.

Discussion

The major question that this study aims at answering

involves what structural features of 3B3 give rise to its

higher binding affinities and neutralization capabilities

to gp120 variants relative to its parent molecule, b12.

Although it would be ideal to have the 3B3-gp120

complex structure for direct comparison, the unbound

3B3 structure provides unique insights into the evolu-

tion of broadly NAbs to the HIV-1 gp120 antigen. The

in vitro evolution of b12 from the 1994 study involved

phage display mutagenesis of positions 31–35 of CDR-

H1 and positions 97–100 of CDR-H3.12 The structural

comparisons of 3B3 with the b12 unbound and bound

states along with previous mutagenesis data lead us to

speculate that the enhanced binding affinities and neu-

tralization ablities of 3B3 arise from higher hydropho-

bic driving potentials between interfacial contact resi-

dues with gp120 and by stabilization of the VH-VL

interface of the antibody. Stabilization of the VH-VL

interface of 3B3 may result from more favorable

hydrogen bonding of interfacial residues, a larger sur-

face area burial of residues at the interface, a larger

favorable entropic force through the removal of water

at the interface, or combinations of these factors. We

go through an analysis with the new 3B3 structure

with previous data and highlight specific key points

that lead to our conclusion.

In the original 1994 article describing the evolu-

tion of b12, CDR-H1 displayed a primary sequence

preference for an Asn at position 31, an aromatic resi-

due at position 32, a Ser or Thr at position 33, a

hydrophobic residue at position 34, and a hydropho-

bic and/or aromatic residue at position 35.12 The b12

CDR-H1 sequence is N-F-V-I-H. The 3B3 CDR-H1

sequence is N-F-T-V-H [Fig. 1(A)]. The 3B3 sequence

would potentially lead to an Asn-linked glycosylation

site at N31 (sequence motif of Asn-X-Ser/Thr, where

X is any amino acid besides Pro). Therefore, further

CDR walking phage display mutagenesis experiments

were performed by Barbas and coworkers. Sequence

selection demonstrated a preference for a His at posi-

tion 31 that displayed approximately three- to fourfold

enhanced binding affinity to monomeric gp120 and

removed the potential of an Asn-linked glycan at posi-

tion 31.21 The CDR walking mutagenesis, binding and

neutralization studies were performed as Fab architec-

tures expressed and purified from E. coli, therefore

generating unglycosylated Fabs. Further site-directed

mutagenesis studies in context of a scFv of 3B3 fused

to an immunotoxin of a truncated form of Pseudomo-

nas exotoxin A, indicated a approximately twofold

increase in IC50s of cytopathic activities against Env-

Figure 6. Structural comparison between the 3B3 scFv and

the bound state of b12 Fab to the HIV-1 gp120 coat protein

highlighting the backbone and side-chain changes

observed between the CDR-H3 and framework regions of

the two structures. The structures are colored as defined in

Figure 5. For clarity, the zoomed region only displays the

3B3 scFv and b12 bound structures and rotated to highlight

key features. The b12 unbound (both Fabs) and b12-B2.1

structures (both Fabs) look similar to the b12-gp120 bound

structure. In addition, the water-mediated interactions

between the nitrogen backbone groups of A93-S95 to

Wat42 are not displayed for clarity, but are listed in

Table III.
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expressing cells with the N31H single mutation (IC50

¼ 5.7 ng mL�1) relative to wild-type (wt) 3B3 (IC50 ¼
2.5 ng mL�1).13 In the b12-gp120 structure, the side

chain of N31 of b12 forms an intramolecular hydrogen

bond between the carbonyl group and the side chain

of S30 VH, and the side-chain amino group of N31

forms an intermolecular hydrogen bond with the

backbone carbonyl of S365 of gp120. The 3B3 (N31H,

Q100eY) scFv structure maintains a similar conforma-

tion as seen with the b12-gp120 structure displaying a

potential intramolecular hydrogen bonding distance to

S30 and probably enhanced packing interactions of

3B3 with gp120 through stronger van der Waals inter-

actions with an aromatic residue of His at position 31

resulting in the higher binding affinity changes of 3B3

(N31H, Q100eY) scFv over b12.

In the CDR-H1, b12 evolved from a Val-Ile at

positions 33 and 34 to a Thr-Val in 3B3.12 These

main-chain and side-chain conformations in the 3B3

structure overlay completely with all five b12 struc-

tures (data not shown). Extensive phage display muta-

genesis of CDR-H1 demonstrated a clear preference

for a Thr at position 33.21 Binding affinity data showed

a approximately three- to fourfold improvement with a

Thr at position 33 for 3B3 over a Val for b12, but this

sequence tested also contained the N31H mutation

described earlier. Analysis of the 3B3 structure indi-

cates that the side-chain carbonyl of T33 is within

intramolecular hydrogen bonding range with Y100h

Og of CDR-H3 (3.2 Å). Furthermore, an intermolecu-

lar hydrogen bond may exist between T33 Oc1 and

D368 Od1 of gp120 (3.6 Å away) providing a structural

rationale for the selection preference of a Val for a Thr

at position 33 and the binding enhancement observed

for 3B3 relative to b12.

The major enhancement in binding affinity and

neutralization ability to gp120 from b12 to 3B3

occurred at the N-terminal end of CDR-H3.12 Muta-

tions in the CDR-H3 loop play a dominating role in

the generation of NAbs to HIV and other viral anti-

gens.17,24 The sequence of b12 is Pro-Tyr-Ser for posi-

tions 97–99 of CDR-H3. The sequence of 3B3 is Glu-

Trp-Gly for these positions. Chain shuffling and

further CDR walking phage display mutagenesis stud-

ies clearly demonstrated a preference of either Glu-

Trp-Thr or Glu-Trp-Gly for positions 97–99, as seen in

3B3, with approximately eightfold increase in binding

affinity to monomeric gp120 over b12 (measured as

Table III. Dihedral Angles, Accessible Surface Areas, and Intramolecular Contacts for the CDR L3 of 3B3 and b12a

Residue /,w (3B3) /,w (b12) ASAb (3B3) ASA (b12)

V90 �105, 124 �102, 145 10 5
Y91 �119, 169 �142, 161 5 53
G92 �177, �149 89, 157 57 15
A93 �86, �47 51, 48 38 79
S94 �126, 4 66, 3 70 112
S95 �144, 140 �108, 91 66 39
Y96 �142, 129 �117, 112 12 146

Distance (Å)
3B3 chain A hydrogen bondsc

Y91 N VL – R32 O VL 3.0
Y91 O VL – R32 Ne VL 3.1
Y91 Og VL – G50 N VL 2.8
G92 O VL – Y96 Og VL 2.6
A93 O VL – Y96 Og VL 3.1
A93 O VL – W50 Ne1 VH 3.1

3B3 water-mediated interactions
A93 N VL – Wat42 3.2
S94 N VL – Wat42 3.1
S95 N VL – Wat42 3.2
S94 Oc VL – Wat 123 (chain B only) 3.2

b12 hydrogen bonds
Y91 N VL – R32 O VL 3.3
Y91 Og VL – G50 N VL 3.0
G92 O VL – S95 N VL 3.0
A93 N – Q100e Oe1 VH 2.8

b12 water-mediated interactions
E58 Oe2 – Wat17 2.6
S94 N VL – Wat17 3.2
Y96 Og – Wat17 2.6
Q100e Oe1 – Wat17 3.0
Y91 O VL – Wat170 3.2
G92 O VL – Wat170 2.8

a Values are reported for the b12-gp120 complex structure.
b Accessible surface area calculations were performed using Pisa.
c Hydrogen bonds are listed for distances �3.3 Å.
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purified Fabs).16,21 In context of a 3B3 scFv frame-

work, inclusion of a Glu-Trp-Gly sequence at positions

97–99 displayed the same fivefold increase in binding

affinity to various monomeric gp120 sequences over

the Pro-Tyr-Ser sequence in b12.13 In comparing the

3B3 and b12 structures, this is one of the regions that

exhibited the largest conformational change. Larger

CDR H3 loop conformational changes have been

observed for a gp120 coreceptor binding antibody, X5,

which demonstrated a 17 Å change of the CDR-H3

from the unbound25 to bound26 states of X5. At the

apex of CDR-H3 in both 3B3 and b12 is W100.

Trp100 in these antibodies is essential for the interac-

tion with gp120. Mutation of W100 to Ala abrogates

all binding affinity to gp120.27 The side chain of W100

positions itself into a pocket created by main-chain

residues of gp120 and side chain of R419 of gp120

[Fig. 5(B)]. Another crucial residue of the b12 paratope

to gp120 is Y98. As seen with the W100 to Ala muta-

tion, Y98A of b12 also abolishes binding to gp120.9

The side chain of Y98 forms extensive van der Waals

contacts over P369 of gp120 (Y98 buries �100 Å2 of

surface area) and forms a potential long hydrogen

bond between Y98 Og and R419 Ng1 of gp120 (3.6

Å).

Comparison of the 3B3 structure to both b12

structures indicates a potential change in the binding

mode of the CDR-H3 from a ‘‘lock-and-key" mecha-

nism for b12 to an ‘‘induced-fit" mechanism for 3B3

when interacting with gp120. Ideally, we would have

the 3B3-gp120 crystal structure for direct comparison

with the 3B3 unbound structure. Nevertheless, this

hypothesis is supported by several observations. The

unbound b12 structure superimposes with negligible

rmsds with the bound b12 structure indicating that

binding to gp120 induces no large conformational

changes in the b12 structure. This behavior is typical

of structures of affinity-matured antibodies with and

without antigen [Fig. 5(B)].28 There are several side-

chain rotamer changes that take place between the

unbound and bound structures of b12. For example,

the side chain of W100 of CDR-H3 only needs to

change its v1 angle from the unbound b12 structure to

adopt the conformation in the bound b12-gp120 struc-

ture. These side-chain rotamer changes between the

VH CDRs of the b12 structures would require minimal

energetic costs. Furthermore, model building of the

CDR-H3 loops for both b12 crystal structures dis-

played clear electron density to trace all the main-

chain and side-chains groups, and these regions

refined with relatively low temperature B-factors indi-

cating overall restricted mobility.

We speculate that mutation of P97 to a Glu in

3B3 is responsible for the change in binding mecha-

nism for the CDR-H3 loop. P97 of the b12 structures

locks the N-terminal end of the CDR-H3 in place

through its trans dihedral conformation providing a

means of enhanced rigidity for this extra-long 18-resi-

due CDR-H3. Mutation of P97 to a Glu as in 3B3

removes the limited angular geometry of a Pro with a

more flexible residue of a Glu. The structure of 3B3

displays higher mobility in the CDR-H3 regions,

mostly at the side-chain level because the backbone

density was clear for chain tracing, for the six chains

built into the electron density as assessed by higher

than average refined temperature B-factors. In fact,

several of the side chains of CDR H3 were modeled as

alanines including the critical hot-spot residue W100

with the exception of chain A.

The amino acid substitutions at the N-terminal

region of the CDR-H3 of 3B3 would appear to make

enhanced interactions with the gp120 relative to b12.

For 3B3, the tip of the CDR-H3 finger with W100

would have to undergo a conformational change from

the current orientation observed in the 3B3 structure

to the position seen in the b12-gp120 complex struc-

ture, if that is indeed the position observed in the

3B3-gp120 complex (future studies). In the 3B3

unbound structure, the indole side chain of W100

sterically clashes with the N-acetylglucosamine moiety

of gp120. The early chain shuffling and phage display

mutagenesis studies of b12 that evolved the sequence

of 3B3 clearly demonstrated a preference for a Trp at

position 98 in CDR-H3 over a Tyr.12,16 The 3B3 Fab

was selected over other Fabs with an approximately

eightfold higher binding affinity over b12 for mono-

meric gp120s and �5- to 54-fold enhancement in neu-

tralization activity to b12 to various presumably tri-

meric gp120 molecules of primary isolates.12

Subsequent CDR walking phage display experiments

demonstrated a clear preference for the Glu-Trp-Gly

sequence for positions 97–99 as seen in 3B3.21 The

side chain of E97 of 3B3 may form a hydrogen bond

with the S365 side chain of gp120 (current distance is

2.0 Å). The replacement of Y98 of b12, which forms a

hydrogen bond with R419 Ng1 of gp120, with a Trp in

3B3 may enhance binding affinities/neutralization

abilities through more favorable van der Waals and

hydrophobic interactions among the W98 indole side

chain and residues P369, V372, and T373 of gp120.

The selection of G99 in 3B3 presumably allows for

more flexibility in this region for W98 and W100 to

adopt conformations that would maximize binding

interactions with gp120 (part of the ‘‘ligand-induced"

binding mechanism of 3B3). Mutagenesis studies using

the N31H, Q100eY 3B3 scFv immunotoxin architecture

and reverting the Glu-Trp-Gly of 3B3 to the Pro-Tyr-

Ser as seen in b12 displayed no changes in neutraliza-

tion abilities to a zero- to sevenfold higher binding af-

finity changes to varying gp120s.13 Nevertheless, a sig-

nificant structural change most likely occurs from the

unbound 3B3 state to the 3B3-gp120 bound structure.

At the C-terminal end of the CDR-H3, a point

mutation of a Tyr has been introduced at Q100e in

this variant of 3B3 reported here. The original sequen-

ces of b12 and 3B3 contained a Gln at position 100e of
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the CDR-H3. Phage display mutagenesis studies ran-

domizing residues at position 100e indicated a clear

preference for an aromatic residue of either a Phe or a

Tyr with approximately equal distribution.21 Single

point mutations of the 3B3 scFv with Q100e to a

Tyr, Phe, and Trp had inhibitions at 50% levels (IC50)

of 9-, 6-, and 14-fold increase over wt-3B3 scFv (IC50

¼ 5.7 ng mL�1), respectively.13 Q100e in the b12-

gp120 complex structure forms essentially no intermo-

lecular contacts with the gp120 surface (only 5 Å2 of

surface area buried). In both b12 structures, Q100e

Oe1 forms an intramolecular hydrogen bond to the

nitrogen backbone of A93 CDR-L3 at the VH-VL inter-

face (Fig. 6). The Q100eY mutation in the 3B3 struc-

ture disrupts this intramolecular hydrogen bond and

most likely leads to a higher hydrophobic stabilization

of the VH-VL interface with an aromatic side chain. In

addition, the side chain of Q100eY of 3B3 could poten-

tially form a new intermolecular hydrogen bond with

K432 Nf of gp120 (currently 4.3 Å away) accounting

for some of the increased binding affinity/neutraliza-

tion ability over the original 3B3 sequence. However,

we speculate that the stabilization of the VH-VL inter-

face contributes the majority to the increased neutrali-

zation levels, because enhancement values were

observed with other aromatic residues of Phe or Trp,

though not as high as with a Tyr at position 100e.13

Future studies will dive deeper into the structural

changes triggered by Q100eY mutation in 3B3.

The Q100eY mutation in the 3B3 structure causes

a loop conformational change of the CDR-L3 relative

to the b12 structures. Of significance, the b12-gp120

complex structure showed for the first time an anti-

body–antigen interface involving only residues of the

CDRs of the VH domain (Figs. 5 and 6). The regions

around the loops of CDR-L3 and H3 in the b12 struc-

tures indicate a more solvent accessible surface and

less packing efficiency compared with the 3B3 struc-

ture. Calculations of accessible surface area between

3B3 and b12 structures display a general trend of the

CDR-L3 residues of b12 being more solvent accessible

than 3B3 with the exception of G92 and S95 (Table

III). The shape complementarity (Sc) of the VH-VL

interfaces displays similar values of 0.74 and 0.72 for

b12 bound and 3B3, respectively.29 In the b12-gp120

complex structure, a water molecule (Wat17) forms

four hydrogen bonds between atoms of CDR-L3,

Q100e, and b-sheet VH residues of W50 and E58

(Fig. 6). On the other hand, flipping of peptide bonds

of G92 and A93 seen in the 3B3 structure triggered by

the Q100eY mutation results in the removal of water

in this region and allows for direct hydrogen bonding

between main chain to main chain and main chain to

side chain atoms at the VH-VL interface. Studies have

demonstrated the importance of packing efficiency of

the VH-VL antibody interface with correlations with

antigen binding affinities.28,30,31 We should point out

these studies focused on antibody–antigen systems

that used residues of both VH and VL CDR paratopes

involved directly with bound antigens. Of course, we

presume that 3B3 uses only heavy-chain residues as

its parent molecule, b12, with its interaction with

gp120. This will be clarified with the structure deter-

mination of the 3B3-gp120 complex. In the constant

battle of generating NAbs against HIV, remarkable

novel structural and mechanistic solutions have

emerged in antibody–antigen recognition.17,24

In conclusion, we have determined the crystal

structure of a N31H, Q100eY-3B3 scFv, an enhanced

broadly NAb to the gp120 envelope protein of HIV.

Structural comparisons of 3B3 with the unbound and

bound structures of b12 indicate one of the largest

conformational changes is CDR-H3 where the

sequence evolved during phage display mutagenesis.

The CDR-H3 of 3B3 may undergo a ‘‘ligand-induced’’

conformational change binding mechanism when

bound with gp120. This is in contrast to the b12 struc-

tures, which show a preorganized CDR-H3 topology

before gp120 interaction typical of a ‘‘lock-and-key’’

binding mechanism. A surprising feature of the 3B3

structure involves the change in loop conformation of

CDR-L3 in comparison with the b12 structures. The

3B3 CDR-L3 loop conformation change was initiated

by the single point mutation of Q100eY, a residue on

the periphery of the b12-gp120 interface. The broadly

NAb, b12 and siblings similar to 3B3, are the only

antibodies to demonstrate engaging an antigen solely

using variable heavy-chain residues of the CDR loops.

The results presented here suggest that future affinity

maturation of heavy chain only antibodies to HIV may

be achieved by evolving framework residues at the

VH-VL interface as have been observed in other anti-

body–antigen systems that use all CDR residues in

antigen molecular recognition.

Materials and Methods

Protein expression and purification

The N31H, Q100eY 3B3 scFv gene13 was synthesized

using human codon optimization by Retrogen (San

Diego, CA) and cloned into an AAV vector plasmid

(pAAV.CMV.3B3). For bacterial expression, the 3B3

gene was then subcloned using unique Nco I and Not

I restriction sites into a custom alkaline phosphatase

expression vector containing a custom signal sequence

for transport into the periplasm. A six-residue polyhis-

tidine tag (His-Tag) was included after the signal

sequence and before the starting amino acid of 3B3.

The 3B3 vector was transformed into E. coli cell line

BL21 CodonPlus RP (Stratagene) for expression. Cells

were grown for 24 h using a low phosphate minimal

media at 29�C as described previously.32

Isolation of the periplasmic proteins was per-

formed using methods described previously.32 Briefly,

the E. coli cells (1 L of culture) were pelleted and fro-

zen overnight at �80�C. The cell pellets were
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resuspended with 4 mL of 0.1M sodium phosphate

(pH 7.2), 0.15M NaCl buffer and incubated on ice for

30 min with constant shaking. Removal of the outer

membranes involved a freeze-thaw procedure by place-

ment of the resuspended pellets at �8O�C for 1 h and

thawing the frozen pellets in ambient temperature

water with constant shaking. After centrifugation at

15,000 rpm for 30 min, the supernatant was removed

for further purification.

3B3 was purified to homogeneity using protein L

affinity chromatography media (Pierce). The superna-

tant was applied to a 2 mL bed volume of protein L af-

finity resin previously equilibrated with five bed vol-

umes of binding buffer, 0.1M sodium phosphate, pH

7.2, 0.15M sodium chloride, at 4�C. After loading the

supernatant through the column by gravity flow, the

column was further washed with 10 bed volumes of

binding buffer. Bound 3B3 was eluted from the pro-

tein L column using five bed volumes of elution buffer,

0.1M glycine, pH 2.5. The pH of the purified 3B3 was

immediately neutralized with the addition of 1 mL of

1M of Tris-HCl, pH 9. SDS-PAGE gel electrophoresis

indicated that 3B3 was >95% pure after protein L af-

finity chromatography. Protein concentration was

determined using an extinction coefficient at 280 nm

of 56.7 mM�1 cm�1.33 3B3 protein yields were 1.4 mg

L�1 culture.

Protein crystallization, data collection, structure
determination, and refinement

For crystallization screening, the buffer of 3B3 was

changed to 10 mM Tris-HCl, pH 7.5, and concentrated

to 5.1 mg mL�1. Sparse matrix crystal screening was

performed using crystallization kits from Emerald Bio-

systems (Wizard Screens I, II, and III) at 19�C. Sitting
drop vapor diffusion trials employed using 0.5 mL of

each reservoir solution with a drop of 1 lL 3B3 and 1

lL of the reservoir solution. Hexagonal- and trigonal-

shaped crystals grew from 20% (w/v) PEG-8000,

0.1M MES (pH 6.0), and 0.2M calcium acetate. Crys-

tals were flash-frozen in liquid nitrogen by slowly

increasing the glycerol concentration to 20% contain-

ing the reservoir solution.

X-ray diffraction data were collected at the Gen-

eral Medicine and Cancer Institutes Collaborative

Access Team (GM/CA-CAT) beamline 23ID-D,

Advanced Photon Source (APS), Argonne National

Laboratories, Chicago, IL. The X-ray beam was colli-

mated to an area between 5 and 300 lm2 and diffrac-

tion data recorded with a MARmosaic 300 CCD detec-

tor at 100 K. X-ray diffraction data were collected with

2 s exposures for 0.25� oscillations for a total of 180�

at a wavelength of 1.0332 Å with the detector distance

at 350 mm. Data were integrated and scaled using

HKL-2000.34 X-ray data collection statistics are

presented in Table I.

The crystal structure of 3B3 was phased using mo-

lecular replacement using only the variable heavy and

light chains of b12 (2ny7.pdb10) as the search model

using the program Phaser20 within the Phenix pack-

age.35 Six copies were located within the asymmetric

unit with Z-scores of 9.7, 9.4, 10.4, 10.7, 9.6, and 12.6

for the resolution range of 30–3.5 Å. Data were phase

extended to 2.5 Å and automatic model building per-

formed using Resolve.36 Before starting structure

refinement, 10% of the data were randomly selected

for Rfree calculation. Simulated annealing torsional

angle dynamics, conjugate gradient energy minimiza-

tion, an overall anisotropic temperature factor and

bulk solvent correction, and individual B-factor refine-

ment were performed using phenix.refine.35 NCS

restraints were not used during any stage of structure

refinement. Coot was used for model building.37 Mol-

probity,38 programs within CCP4,39 and Pisa40 were

used for structural validation and analysis. All struc-

tural figures were generated using PyMOL (http://

pymol.sourceforge.net). The coordinates have been de-

posited into the Protein Data Bank under accession

code 3JUY.
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